The interaction of αβ T-cell antigen receptors (TCRs) with peptides bound to MHC molecules lies at the center of adaptive immunity. Whether TCRs have evolved to react with MHC or, instead, processes in the thymus involving coreceptors and other molecules select MHC-specific TCRs de novo from a random repertoire is a longstanding immunological question. Here, using nuclease-targeted mutagenesis, we address this question in vivo by generating three independent lines of knockin mice with single-amino acid mutations of conserved class II MHC amino acids that often are involved in interactions with the germ-line-encoded portions of TCRs. Although the TCR repertoire generated in these mutants is similar in size and diversity to that in WT mice, the evolutionary bias of TCRs for MHC is suggested by a shift and preferential use of some TCR subfamilies over others in mice expressing the mutant class II MHCs. Furthermore, T cells educated on these mutant MHC molecules are alloreactive to each other and to WT cells, and vice versa, suggesting strong functional differences among these repertoires. Taken together, these results highlight both the flexibility of thymic selection and the evolutionary bias of TCRs for MHC.
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T-cell receptor | MHC | evolution | mutation | variable region T he genes for immunoglobulins (Igs), αβ T-cell receptors (TCRs), and antigen-presenting MHC proteins appeared at least 450 million years ago in the cartilaginous fish and are present in all modern vertebrates (1) (2) (3) . The more primitive hagfish and lampreys lack these genes and have an adaptive immune system comprised of unrelated proteins (4) . The main ligands for αβ TCRs are short peptides derived from self and foreign proteins, captured in a specialized groove of MHC class I (MHCI) and class II (MHCII) molecules and presented to T cells (5, 6) . Functional Igs and TCRs are created by very similar recombination mechanisms involving fusion of V, J, and sometimes D gene segments with additional variations at the junctions to create an enormous potential repertoire of Igs and TCRs, suggesting a common, unknown evolutionary origin for these loci.
These observations have raised several unanswered questions. For example,why did a separate TCR-rearranging gene system develop for lymphocytes recognizing peptide-MHC ligands? How did the extraordinarily polymorphic MHC genes stay functionally connected to TCR genes throughout 450 million years of evolution? One long-standing hypothesis has been that certain features of TCRs and MHC molecules are evolutionarily conserved to promote their interaction (7) (8) (9) (10) . Like Igs, the antigen-recognition portions of TCRs are partially encoded in the complementary determining region (CDR) CDR1 and CDR2 loops of germ-line TCR Vα (TRAV) and Vβ (TRBV) genes and are partially generated by somatic recombination processes that form the CDR3 loops. This initial repertoire is culled dramatically during T-cell development in the thymus. First, only those T cells whose TCRs have at least some minimal affinity for the selfpeptide-MHC molecules expressed in the thymus are positively selected for further development (11, 12) . The T cells in this population whose TCRs have too high an affinity for these selfpeptide-MHC molecules are eliminated by an apoptotic mechanism termed "negative selection" (13, 14) . The remaining T cells go on to mature and form the peripheral T-cell repertoire.
The effect of positive and negative thymic selection on limiting the T-cell repertoire has made it difficult to test directly whether germ-line features of TCRs and MHC molecules have been conserved to promote their interaction. However, some data consistent with this notion have accumulated over the past several decades through sequencing, X-ray crystallographic, mutational, and developmental studies. For example, random examination of mouse T cells before positive selection showed a high frequency of MHCreactive cells (15) (16) (17) . In mice constructed to allow positive selection but incomplete negative selection, an even higher frequency of generically MHC-reactive T cells was observed (18) . Structural and sequencing studies of MHC molecules have shown that the great majority of their polymorphisms are within the peptide-binding groove, not on the tops of the MHC α-and β-chain helices that interact with TCRs ( Table 1) . The CDR1 and CDR2 loops of TCRs are much less variable in length than those of Igs (19) . In the dozens of structures of peptide-MHC/TCR complexes that have been solved, a diagonal orientation of the TCR is nearly always seen. This orientation usually causes the somatically generated CDR3s to be focused on the peptide and the germ-line-encoded CDR1 or CDR2 amino acids, especially those of CDR2, to be docked on the conserved portions of the MHC helices (9) . Mutation of these TCR amino acids impairs T-cell recognition of the ligand and affects thymic development of the T cells in vivo (8, (20) (21) (22) . Some of these germ-line TCR amino acids can be traced back to the TCRs of fish, and, despite their overall
Significance
The evolutionary hypothesis for T-cell antigen receptor-peptide major histocompatibility complex (TCR-pMHC) interaction posits the existence of germ-line-encoded rules by which the TCR is biased toward recognition of the MHC. Understanding these rules is important for our knowledge of how to manipulate this important interaction at the center of adaptive immunity. In this study, we highlight the flexibility of thymic selection as well as the existence of these rules by generating knockin mutant MHC mice and extensively studying the TCR repertoires of T cells selected on the mutant MHC molecules. Identifying novel TCR subfamilies that are most evolutionarily conserved to recognize specific areas of the MHC is the first step in advancing our knowledge of this central interaction.
weak sequence homology, substitution of fish V segments for the mouse V segments preserves antigen recognition of the mouse peptide-MHC complex (23) . Finally, although RAG-mediated rearrangement makes the CDR3 more diverse, the CDR1 and CDR2 loops in TCRs, unlike those in Igs, do not undergo antigen-selected somatic mutation; thus they keep their germ-line sequence and antigen-driven responses throughout development, suggesting a conserved function (24, 25) .
Another model for the MHC restriction of TCRs has been put forth. According to the selection model, MHC restriction is not intrinsic to TCR structure but imposed is by the CD4 and CD8 coreceptors that promote signaling by delivering the tyrosine kinase Lck to TCR-MHC complexes through coreceptor binding to MHC during positive selection (26) .
In the current study we assessed the importance of several MHCII conserved docking sites for TCRs by introducing specific point mutations into mouse I-A b MHCII α or β genes. In vitro these mutations had little effect on the collection of self-peptides bound by the mutant I-A b but often disrupted the recognition of peptide plus MHC by T cells specific for a variety of foreign or selfpeptides. In vivo, mice carrying these MHC point mutations developed TCR repertoires that were similar in size to those of WT mice but with altered TRAV or TRBV gene use. Furthermore, in vitro in mixed lymphocyte reactions, T cells from each of the WT and mutant mice responded strongly to antigen-presenting cells (APCs) from the other mice but not to their own cells. We discuss these results in relation to the current ideas and data about the role of evolution vs. somatic selection in framing the T-cell repertoire.
Results

Mutations of the I-A
b Conserved Amino Acids Affect the Presentation of Foreign Peptides to Antigen-Specific T-Cell Hybridomas. Although MHC genes are extremely polymorphic, the amino acids on the α and β helices of MHCII that are frequently engaged by the TCR CDR1 and CDR2 loops are usually conserved, sometimes even across species (9) . Ten of these amino acids tend to be almost monomorphic in the mouse I-A alleles found in the majority of laboratory strains (Table 1) . A number are conserved as well in mouse I-E molecules and in the MHCII alleles of humans and other species (Table S1 ). These residues are located on the tops of the MHCII α-helices, in positions where they are less likely to affect peptide binding and are more likely to affect interactions of the MHCII protein with TCRs (Fig. 1A) . Thus, we hypothesize that these amino acids may have been conserved during evolution to promote interactions with TCRs.
To study the relative importance of these amino acids in TCR recognition of peptide-I-A b complexes, we mutated each of these 10 residues separately. Nonalanine amino acids were replaced with alanine (A), and alanines were replaced with glutamine (Q). Alanine was chosen as a neutral, frequently used mutational replacement, and glutamine was chosen because it is already present at the other positions on the helix and thus would not greatly alter the chemistry at the surface of the protein. Genes encoding either the mutant I-A b α-or β-chain, paired with the corresponding WT I-A b α or β gene, were transduced into an MHCII-deficient B-cell lymphoma, M12.C3 (27, 28) Activation was determined by flow cytometry and was defined as the MFI of CD69. The ability of each mutant to stimulate the hybridomas is displayed after normalization to WT responses. Data are representative of three or four biological replicates per group; *P < 0.05 by a one-sample t test with a true value of 100. (D) Peptides were eluted from WT I-A b and were analyzed by MS. Peptides with identical HPLC retention times that were present in three separate WT samples were identified. Data indicate the percentage of peptides that were also identified in duplicate runs isolated from βT77A, βR70A, and αA64Q cells. (E) Peptides present in duplicate runs from each of the mutants were identified and compared with WT. Data are representative of multiple MS and MS-MS runs. mAb, the WT and mutant I-A b cells all stained with a mean fluorescence intensity (MFI) 10-to 30-fold higher than that of the negative controls. The MFI for the cells expressing the I-A b/d mixed molecule was much lower. Thus, all the mutants were expressed at about the same level.
Next, we devised a system in which the responses of many different T cells to antigen bound to the mutant MHCIIs could be assessed simultaneously. C57BL/6 mice were immunized separately with five different antigens ( Table 2) . Seven days later, T cells from the draining lymph nodes of the immunized mice were restimulated with their cognate antigens, expanded in vitro, and fused in bulk to the TCR αβ − BW5147 thymoma cell line to create T-cell hybridomas. The preparations were named for their target MHC-II allele, I-A b , and antigen ( Table 2) -binding epitopes, and therefore, as group, T cells specific for KLH may be less sensitive to any one MHCII mutation. Consistent with this relative lack of sensitivity to α-chain mutants, some of the bulk KLH-specific cells were also cross-reactive to KLH presented by APCs bearing the mixed I-A molecule in which the I-A d α-chain replaced the I-A b α-chain. These results confirmed and extended our previous studies (29) because they showed that the conserved amino acids on the MHCII helices are not required for MHCII surface expression. However, in agreement with previous work, they are often important for TCR docking during CD4 + T-cell responses, leaving open the possibility that their conservation might be required to ensure germ-line-encoded favorable MHCII docking sites for TCRs.
We selected mutants from this group for in vivo studies to find out if they also affected T-cell thymic development. We considered the four mutations that most consistently inhibited T-cell activation: A64Q on the α-chain and R70A, T77A, and H81A on the β-chain. αA64 is invariant in mouse and human MHCII and creates a docking "cup" for TCR Vβs that contain a tyrosine (Y) at position 48 of CDR2 (9) . βT77 and βH81 are adjacent on the I-A b β-chain α-helix (Fig. 1A) . βT77 is invariant in common mouse I-A and I-E alleles and in human HLA-DR and HLA-DQ alleles. In TCR/MHC structures, βT77 and βH81 are often contacted by the TRAV CDR1 loop (9) . However, the highly conserved βH81 has been implicated in the activity of mouse H-2DM and human HLA-DM, the proteins that catalyze endosomal peptide loading into MHC (30) , and in TCR/MHC structures often makes a surface-exposed H-bond to the peptide backbone. Therefore we decided not to mutate this amino acid in our experiments. βR70 is nearly monomorphic in all mouse I-A alleles (Table 1) but is not conserved in mouse I-E alleles or in the MHCII alleles of other species. In nearly all published TCR/I-A structures it lies in the central region of the TCR footprint interacting with the TCR CDR3s and therefore might be expected to influence somatic CDR3 selection during thymic selection but perhaps not to have as strong an influence on germ-line Vα and Vβ use. Therefore we choose αA64Q and βT77A as the primary mutations to test our hypothesis and βR70A as a potential control.
Effects of the βT77A, βR70A, and αA64Q Mutations on the Peptides Bound to I-A b . Before proceeding to in vivo experiments with these mutants, we considered the possibility that, despite the predicted lack of a direct role for these I-A b amino acids in peptide binding, they might indirectly change the spectrum of I-A b -presented self-peptides. Such changes would confound our experiments because positive selection involves reaction of the TCRs with both MHC and peptide, and we intended to examine the effects of MHC mutations independent of changes in the bound peptide. To determine whether the MHCII mutations we created altered the spectrum of bound peptides, we compared the repertoire of peptides bound to WT I-A b with those of the three I-A b mutants expressed in our M12.C3 transfectants. One caveat of these experiments is the thymus presents a different set of peptides in a cathepsin L-dependent fashion (31) and thus may behave differently than the transfected M12.C3 cells.
The WT and mutant I-A b proteins were immunoprecipitated from lysates of the transduced M12.C3 cells. Peptides were eluted from these preparations and subjected to MS or MS-MS analysis as previously reported (32) and as described in Materials and Methods. A preliminary MS-MS analysis of the peptides isolated from WT and mutant I-A b showed that they had I-A bbinding motifs (Table S2) (33, 34) . This finding served to validate our method of peptide isolation and suggested that the I-A b mutations did not affect the I-A b peptide-binding motif. To compare the peptides bound to WT vs. mutant I-A b proteins, immunoprecipitations and elutions for each sample were performed and analyzed with duplicate runs by MS. Limited MS-MS again confirmed the presence of the I-A b -binding motif in the peptides. A list of the peptides with identical HPLC retention times and calculated masses that were present in three separate WT I-A b samples was compared with those in duplicate runs of mutant samples (Fig. 1D) . Nearly all the total peptide intensities found in the WT I-A b samples were also identified in all the mutant I-A b samples. To determine if unique peptides appeared only in the mutants, we first created a list of peptides that were found in duplicate MS runs of the same mutant sample. Any peptide in this list that also appeared in any of the three WT samples was also called present. Once again, most of the peptides and nearly all the intensity from the mutant samples were found in the WT runs (Fig. 1E) . Less stringent criteria, e.g., requiring that a peptide be present in only two of the three WT or mutant I-A b samples, identified even more peptides shared among the samples. This analysis does not identify peptides belonging to nested sets; therefore the similarity between samples may be underestimated, because differently trimmed peptides were considered to be different by our analyses, although the peptide they present to T cells is identical. Taken together, these experiments support the notion that βT77A, βR70A, and αA64Q MHC mutations do not notably alter the repertoire of self-peptides bound to I-A b . We therefore proceeded to test the effects of these mutations on thymic selection in vivo.
Creation of Mice Bearing the βT77A, βR70A, and αA64Q Mutations.
We produced mice expressing only the WT or mutant forms of I-A b . To ensure that the mutant and WT genes were expressed on the proper cells at the appropriate levels, we changed the coding sequences of the genes in situ, using zinc finger nuclease (ZFN) technology to generate knockin point mutations directly in fertilized C57BL/six eggs (35, 36) .
Custom ZFNs were designed (Sigma Aldrich) for both H2-Ab1 and H2-Ab2, the genes that encode the α-and β-chains of the only MHCII molecule expressed in C57BL/6N mice. To reduce off-target effects, the ZFNs were designed to ensure that no other region of the mouse genome had fewer than five DNA base mismatches to the sequence targeted by the ZFNs. A template for homology-directed repair (HDR) was used to introduce our mutations into mice. This template had four components: (i) the mutation of interest; (ii) a silent mutation to create a new restriction enzyme site for screening of progeny; (iii) a silent mutation to disrupt the ZFN binding so that a subsequent insertion or deletion event caused by nonhomologous end joining (NHEJ) would not occur after our mutation of interest had been introduced; and (iv) roughly 1,000 bp of homology on either side of the target of the ZFN ( Fig. 2A) (37) .
DNA from the resultant mice was analyzed to identify chromosomes bearing the desired mutation. The method was surprisingly robust, with NHEJ events identified in nearly all the mice and at least one chromosome with the correct mutation found in >10% of the mice overall. Mutant mice were crossed to WT mice and then intercrossed to create mice homozygous for each of the three mutations. All mice showed equivalent levels of I-A b cellsurface expression on peripheral cells (Fig. 2B ).
Phenotypic Analysis of Thymic T Cells in the Mutant Mice. To determine whether any of our MHC mutations affected the development of CD4 + T cells, the thymus of each mouse strain was analyzed by flow cytometry. No significant difference in the number of thymocytes in the double-negative (DN), doublepositive (DP), and single-positive (SP) populations was detected between the thymi of the mutant mice vs. WT mice (Fig. 2 C-E) . Analysis of CD5 and CD69 expression, markers of DP thymocyte activation during positive selection, showed that the size of the expressing population was not changed in the βR70A and βT77A mutant mice but was significantly reduced in the αA64Q mutant mice (Fig. 2 C, D, and F) , suggesting that at least the αA64Q mutation reduced positive selection and MHCII reaction by TCRs.
Effect of the βT77A and βR70A Mutations on the Use of TRAVs. We next examined the TCR repertoire of peripheral T cells selected in WT and mutated mice. Because the germ-line portions of the TCRs interacting with I-A b βT77 were predicted to be those of TRAV CDR1s, we predicted that the TRAVs used in the mutant mice would be more affected by these mutations than the TRBVs. Therefore, we compared TRAV use in the βT77A mice with that in the WT mice, using the βR70A mutant mice as a possible control, because this amino acid most often interacts with randomly generated CDR3 regions rather than the germ-line encoded DR1 and CDR2 regions. Anti-TRAV staining with the four available anti-TRAV mAbs (TRAV14, TRAV9, TRAV12, and TRAV4) revealed a significant reduction in TRAV14 use in the mutant mice (Fig. 3 A-C) . As expected, this reduction was seen only in CD4 T cells, not in CD8 T cells. This TRAV14 shift was the first indication of an altered TCR repertoire in the T77A mice.
This analysis was limited by the small number of anti-TRAVspecific mAbs available. Moreover, the TRAV antibodies that are available might not distinguish between subfamily members in each TRAV family (see below). To overcome this reagent limitation, we examined the TRAV repertoires of the MHCβ mutant mice in greater detail using deep sequencing. We used a set of forward primers specific for the TRAV families and common Cα reverse primers to generate a diverse PCR product that encoded the TRAVs present in the naive CD4 + T cells from each strain of mice. These fragments were sequenced with high-throughput methods. Using software developed in house, we filtered out short sequences and determined the TRAV, TRAJ, and CDR3 used by each sequence. Although we designed our TRAV primers to be family specific, of similar length, and with similar melting temperatures, we expected our results to be quantitative only in comparisons within TRAV families and to be just semiquantitative in comparisons between TRAV families. Nevertheless, the biases in analysis between each TRAV family should be common to the different types of mice, so we believed comparisons of TRAV use between mouse genotypes were justified.
We compared the use of the TRAV family and the TRAV subfamily among the mice. First, we looked at the average use of the 20 TRAV families present in the mice (Fig. 3D) in the WT vs. mutant mice. Use of the DESeq2 package (38) , which is often implemented in comparing mRNA expression in different cell populations, revealed no significant differences in the frequency of TRAV use by the T cells in WT and R70A mice. However, there were reproducible and statistically significant differences in TRAV use by the T cells in T77A and WT mice. The TRAV 3, 6, and 11 families were used more frequently, and the TRAV 5, 7, and 14 families were used less frequently by T cells in T77A mice than by T cells in WT mice; the latter finding confirms our mAb-staining results (Fig. 3 A and B) .
However, TRAV family analysis does not compare the use of TRAV subfamily members. In C57BL/6 mice, a portion of the TRAV locus has been triplicated. Herein genes in the supposed "original" [ImMunoGeneTics (IMGT) designation] mouse TRAV locus are designated "A." Genes in the second of the triplications are designated "D," and genes in the third triplication are designated "N." Distinction between these subfamily genes is important because often, but not always, the various subfamily members differ in nucleotide and consequently in protein sequence, particularly in their CDR1 and CDR2 sequences, which are of interest for our experiments (9, 19) . Thus, each family is designated by a number (e.g., TRAV1, TRAV6, and so forth), and a second number and letter are used to designate the particular subfamily member (e.g., TRAV6-5A, TRAV6-5D, and TRAV6-5N).
We compared TRAV subfamily use for all the 88 TRAVs we could distinguish with our sequencing by the CD4 + T cells in the WT, βT77A, and βR70A mice. The data for all the individual TRAV subfamily genes are contained in Fig. 3 E and F. TRAVs underrepresented in the βT77A mice were 7-6A, 7-6D, 7-6N, 8-1AD, 8-2D, 12-1AN, 13-2AN. and 14-3A. TRAVs overrepresented in the βT77A mice were 3-3A, 4-4D, 6-2A, 6-3ADN, 6-4A, 6-4D, 6-6N, 6-7A, 9-2D, and 11-1AD. Differences between WT and T77A cells for all the subfamilies and their significance scores can be found in Table S3 . Many of these subfamily differences account for the differences in overall family use shown in Fig. 3D .
Comparison of the TCRα Repertoire Used by Naive CD4 T Cells from WT and I-A b β Mutant Mice. Sequencing identified not only the TRAV families and subfamilies used in the WT and mutant mice but also the complete sequences of the TCRα domains, including the TRAVs, TRAJs, and the somatically generated CDR3α regions. Thus, we analyzed the diversity of the entire TCRα sequences among the naive splenic CD4 T cells in WT and mutant mice in several different ways. First, we examined the properties of the overall TRAV-CDR3-TRAJ repertoires. Initially, to measure the richness and diversity in the population, we used a species accumulation curve (39) in which a random sampling of our population along the x axis is shown on the y axis if each included sequence adds a unique sequence to the total number of unique sequences (Fig. 4A) . This curve should plateau as the data approach the saturation of all sequences present in the cDNA sample. Sequences of the TCRαs from the three types of mice have similar curves and do not plateau even after analyzing 500,000 randomized sequences. Therefore, the naive CD4 T cells in WT, βR70A, and βT77A mice all express similarly large, diverse TCRα repertoires.
However, a different type of accumulation curve shows that this large repertoire is not randomly dispersed, i.e., the frequency of each sequence is not determined by a simple Poisson distribution (Fig. 4B) . Despite the lack of saturation, the average number of repeats of any given unique sequence in the samples was about five but ranged from 1 to more than 10,000. Using this frequency, we constructed a Poisson-predicted accumulation curve that predicts the proportion of total sequences that should accumulate as we added sequences that occur from 1 to 20 times. This curve predicts that, if TCRα use is Poissonian, we should account for nearly all the sequences by the time we include those that occur 15 times or less, but the experimental accumulation curve generated from the sequencing data shows that these sequences account for only ∼50% of the total sequences. Likewise, more sequences were found fewer than three times than predicted by the Poisson curve. Similar results were seen with the data from the mutant mice. Thus, despite the great diversity of sequences, their frequency was not as predicted by a Poisson distribution, a feature shared with previous repertoire analyses of different human T-cell populations (40) . Some of these results might be attributable to uneven efficiencies during the PCRs with the cDNA templates, but it is likely that both thymic and peripheral selective pressures also contributed.
Finally, we examined the differences in overall sequences for the three types of mice. Two types of analyses were done on the total TCRα (combining the TRAV subfamily, TRAJ, and CDR3) sequences. First, in Fig. 4C the overall data from the nine mice are represented as a three-component principal component analysis (PCA). PCA is a transformation of the data (in this case expression values for all samples) into a new coordinate system whose axes (the principal components) are defined by the variability in the data. By construction, the first principal component is the linear combination of TCRs that yields the highest variance in expression levels between samples. The second principal component is then the linear combination of TCRs that yields the highest variance in expression levels subject to being perpendicular to the first principal component, and so forth. Often the first several principal components explain the majority of the variance in the data. One then can plot the samples along the first few principal component axes to visualize high-dimensional expression data in terms of a set of simpler axes that represent the most important features of these data. In these plots, clear separation between and clustering within genotype groups indicates that the genotype is driving repertoire-wide differences in expression patterns. The WT, βT77A, and βR70A mice clustered well and were separated from each other for two of the three components. Particularly well separated were the WT and βT77A data. As a second analysis we directly compared the TRAV-CDR3-TRAJ combinations in the nine mice. Given the very large number of comparisons being made, the bar for significance differences was set very high. To reduce the number of comparisons, we set a threshold of TCRαs sequenced at least 10 times combined in all nine runs. As shown in the heat maps in D and E, 84 combinations were found to be significantly different between WT and T77A mice. The figure gives a "gestalt" view of the data; the complete data for these sequences, including the TRAV, TRAJ, and CDR3 sequences and significance scores are contained in Table S4 . In summary, although both WT and mutant mice develop large diverse repertoires, significant changes have occurred in TRAV family and subfamily and in TCRα CDR3 sequences to accommodate the mutations.
Effect of the αA64Q Mutation on the T-Cell TRBV13 Repertoire. Our analysis of the thymus in the αA64Q mice showed apparently reduced activation from positive selection in DP thymocytes based on CD5/CD69 expression (Fig. 2 D and F) . Because substantial biological and structural data have shown that the site that includes αA64Q is often used as a docking site for βY48 of the CDR2 loop of the TRBV13-2 Vβ element and perhaps also the TRBV13-3 Vβ element (21), we focused our analysis of the effects of this mutation on the repertoire of T cells using these elements. We analyzed CD4 SP thymocytes and splenic CD4 + T cells from WT and αA64Q mice with a mAb that discriminates TRBV13-2 from TRBV13-3 ( Fig. 5 A and B) . Flow cytometric data showed a substantial, significant shift in use from TRBV13-2 to TRBV13-3 in both populations in the A64Q mutant mice as compared with WT mice.
Next, with a strategy similar to that used in our analysis of the TCRα repertoire in the βT77A and βR70A mice, we deep sequenced the TRBV13 domains present in naive CD4 + T cells in three WT and αA64Q mice. We created a PCR fragment with a 5′-primer common to all three members of the TRBV13 family and a 3′-primer within Cβ. Fig. 5C shows that the sequence data confirmed the significant shift from TRBV13-2 to TRBV13-3 in the αA64Q mice, but there was no change in the use of the third family member, TRBV13-1. The heat map in Fig. 5D shows all the TRBV13/TRBJ combinations with an increased frequency in WT samples compared with A64Q, and Fig. 5E shows the combinations used more frequently in the mutant. The blue squares in Fig. 5 D and E indicate statistical significance (Table S5) , and these combinations group almost perfectly with TRBV13 subfamily. Furthermore, looking at the more commonly found TCRs, DESeq2 identifies individual TCRβs that are differentially expressed in the WT and A64Q mice (Fig. 5E and Table S6 ). Thus, these data support the previous findings on a more global scale, with particular TRBV13-2-containing domains associating the TRBV13-2 CDR2 loop with docking on the portion of the MHCII β1 helix containing with an evolutionary preference for MHCαA64.
Reciprocal T-Cell Recognition of the I-A b Mutations. Our data clearly point to adjustments in the use of particular germ-line TRAV and TRBV elements driven by the mutations in the conserved amino acids on the α1 and β1 helices of I-A b , but they do not reveal the functional consequences of the overall change in the TCR repertoire. To begin to address this question, we tested how "foreign" the WT and mutant I-A b molecules appeared to CD4 + T cells from the various mice. We set up one-way mixed lymphocyte reactions using all combinations of purified CD4 + T cells and APCs from the WT and mutant mice. T cells and APCs from an I-A f mouse (B10.M) were used as a control. The results (Fig. 6) show that the CD4 + T cells did not respond to APCs from the same mouse but did respond to APCs from all the other mice, as measured by IL-2 production. The T-cell responses from the WT and mutant I-A b mice were on the same order of magnitude as the alloresponses seen with the I-A f T cells and APCs. These results predict that differences in the TCR repertoires among the WT and mutant I-A b mice should be similar to those among mice of different MHCII haplotypes, indicating that the changes in TCR repertoire had dramatic effects on the specificity and alloreactivity of the T cells. Furthermore, in addition to the previously demonstrated influence of the varying peptide repertoire among MHC haplotypes (41), these results provide evidence for the previously suggested (42) role of the germ-line bias of TCRs for MHC in alloreactivity. Thus, it is likely that both the peptide repertoire and the germ-line-encoded bias contribute to alloreactivity to some extent.
Discussion
The roots of our current thinking on the evolutionary conservation of interactions between TCR and MHC amino acids came from our studies of CD4 + T cells in mice expressing a single fixed peptide-MHCII complex (18) . These mice had impaired negative selection because of the absence of a diverse set of self-peptides bound to their MHCII. The T cells thus created reacted strongly to self-MHC occupied by the normal complement of self-peptides and also, surprisingly, to many different allo-MHCII alleles. We concluded that, although negative selection functions to remove high-affinity self-specific T cells, in so doing it also eliminates a large population of highly MHCII cross-reactive T cells.
Based on our subsequent functional, mutational, and structural studies, we concluded that the high cross-reactivity of these T cells was caused by dominant interactions of certain conserved amino acids in their TRAV and TRBV CDR1 or CDR2 loops with conserved sites on the MHCII helices. In complexes between the TCRs of T cells from normal mice and their activating peptide-MHCII ligands, reported by ourselves (20) and others (8) , these conserved interactions were seen often, but they usually were not so dominant. These findings have led us to our current hypothesis that random combinations of germ-line TCR α-and β-genes create, with high frequency, T cells reactive to MHCII, regardless of allele, and that, to escape negative selection and contribute to the functional peripheral repertoire, T cells must bear TCRs whose somatically generated CDR3s have modulated this tendency away from generic MHC reactivity and toward peptide dependence. The results of direct mutagenesis experiments by us and others are consistent with this idea.
Our purpose in this present study was to determine how mutations in MHCII I-A b amino acids affect T-cell development and the peripheral T-cell TCR repertoire. We chose I-A b βT77 and αA64 for this study for several reasons: They are highly conserved among MHCII molecules; they have been seen repeatedly as sites of interaction with certain germ-line TRAV CDR1 and TRBV CDR2 amino acids; their mutation often disrupts the activation of peripheral antigen-specific T cells in response to antigen; and they do not participate directly in peptide binding. We choose I-A b Rβ70 as a control because it is less conserved and usually interacts with the TCR CDR3 loops.
Our results show that none of the mutations prevented the development of large, diverse peripheral CD4 T-cell populations. However, depending on the mutation, there were significant changes in thymocyte subpopulations and changes in the peripheral CD4 T-cell TCR repertoire. The subtlest changes were seen with the βT77A mutation. There were no changes with this mutation in thymic cellularity or in the size of the thymic population undergoing selection (CD4 + CD69 + ). However, compared with WT mice, the βT77A mutation led to significant shifts in TRAV family and subfamily use. In addition, this mutation led to changes in the TRAV-CDR3-TRAJ repertoire, demonstrated by PCA that clearly separated the unique sequences in the mutant mice from WT mice and from each other. Our analysis of the αA64Q mice also showed normal thymic cellularity, but in this case there was a significant reduction in the activation in thymocytes undergoing selection. In a more abbreviated peripheral repertoire analysis, we compared the use of TRBV13-2 with the other two members of this family. The importance of the intimate interaction of evolutionarily conserved TRBV-Y48 in the CDR2 of TRBV13-2 with the portion of MHCII α-chain helix containing A64 has been documented in numerous structural, functional, and thymic developmental studies (1, 20, 21) . The importance of this amino acid in the other family members is not as clear: It is present, but there are other differences between the family members in their CDR1 and CDR2 regions. Our analysis showed that TRBV13-2 use by both thymic and peripheral CD4 T cells is reduced in the mutant mice, with a concomitant rise in TRBV13-3 but no change in TRBV13-1 compared with the WT mice.
The results of the present study clearly show that mutation of either βT77 or αA64 alters the repertoire of developing CD4 T cells. However, the magnitude of these effects was less than those we saw on the response of antigen-primed WT peripheral CD4 T cells to antigenic peptides presented by the mutant MHCII proteins. Likewise, mutation of conserved amino acids in the CDR2 loop of TRBV13-2 had a much more profound effect on T-cell development than did the αA64Q mutation (21) . These results suggest that, during the development of the TCR repertoire, adjustments not only in TRAV use but likely also in αβ pairing and somatically generated CDR3 sequences can largely compensate for the loss of a single conserved docking site on MHCII. However, once a T-cell has been selected by WT MHCII, it no longer can make these adjustments to the loss of the docking site. It also is worth noting that our previous results with mutations in TRBV13-2 CDR2 were done with a transgenic TCR β-chain with a fixed CDR3, thus limiting the possible adjustments in repertoire to changes only in α-chain pairing. With the advent of paired TCRαβ sequencing from single cells, a future direction could be to explore the entire TCRαβ pairs and elucidate any potential compensation on the opposite TCR chain.
It has been suggested that the great deal of latitude seen in the docking angle of TCRs binding to MHC argues against the idea of evolutionarily conserved amino acids in TCR-MHC interactions. However, the many structures of TCRs that include TRBV13-2 bound to MHC show that conserved amino acids in its CDR2 loop unfailingly react with related sites on the MHCII α1 helix, even in the face of various docking angles of the TCRs. The set of structures available for analysis involving other TRAV and TRBV elements has not been as extensive, so analyses with the other TRAVs and TRBVs are not currently possible. However, because much of the tops of the MHC helices are conserved, it is possible that individual TRAV or TRBV elements prefer docking to different conserved sites or can use alternatives to the preferred site.
A recent study consistent with this idea comes from the Garcia laboratory (43). They analyzed the structures of the same TCR bound to the MHCI allele, H2-L d (L d ), engaged by many peptides. The results showed that, although the TRAV CDR1 and CDR2 locations on the L d α2 helix were very similar in the structures, the TRBV13-1 CDR1 and CDR2 loops had more than one docking site on the L d α1 helix, altering the angle of engagement of the TCR with L d . Interestingly there were discrete docking positions, not a continuous series. These results establish multiple discrete, conserved sites for TRBV13-1 docking on MHCI, the choice of which is determined by the peptide. Therefore, the single amino acid mutational approach used here may make it difficult to establish completely the TRAV or TRBV partners for a particular conserved site on the MHC helices.
The results of the current study are not inconsistent with any of the recent reports that have shown highly unusual MHC docking modes by some TCRs and non-MHC ligands for some TCRs. For example, natural killer T cells (NKT cells) and mucosal-associated invariant T cells (MAIT cells) have nonconventional MHC ligands that lack the conserved MHC docking sites (44, 45) . The invariant NKT and MAIT TCRs dock on their ligands in very nonconventional ways. These specialized T cells and their ligands arose evolutionarily after the development the conventional TCR-MHC system. One could consider that they have "hijacked" a part of system for another purpose, much as certain MHC-like molecules no longer function as ligands for T cells but have taken on new functions over evolutionary time.
The set of conventional TCRs that deviate most in the orientations and location with which they interact with conventional peptide-MHC complexes comes primarily from autoreactive T cells. Their footprints on MHC can drift dramatically away from those seen with foreign peptide-MHC complexes and, in one case, even reverse the orientation of the TCR on the ligand (46) . These T cells are the survivors of thymic negative selection and as such may need to venture into these unusual docking modes, not found in the thymus, to improve their affinity to achieve T-cell activation.
Experiments aimed at the discovery of T cells that use non-MHC ligands have turned up T cells that recognize other molecules. Most dramatically, one laboratory constructed a mouse lacking MHCI, MHCII, CD4, and CD8 and introduced mutations to uncouple essential downstream TCR-signaling molecules from essential interactions (47) (48) (49) . The mice developed a peripheral T-cell repertoire that contains T cells reactive to the surface protein CD155. The authors conclude that these experiments show that the TCR repertoire need not be MHC dependent and that the usual specificity for MHC is not inherent in the germ-line sequences of the MHC and TRAV/TRBV elements. Rather, they suggest that in normal mice MHC specificity arises by selection from a somatically generated random repertoire of TCRs, yielding TCRs that can satisfy the MHC-dependent geometry of the many components of the large TCR/coreceptor signaling complex.
Our experiments do not argue against the generation of T cells of these non-MHC specificities. In fact, given the recombinational capacity of the thymus to generate an enormous number of unique TRAV and TRBV CDR3 loops, their existence is inevitable. However, if the initial, unselected TCR repertoire is random, the frequency of T cells specific for any particular protein, such as CD155 or MHC proteins, will be very low. Subsequent culling of this scarce MHC-specific repertoire during the nonproliferative phase of T-cell development to make it both self-MHC restricted and self-MHC tolerant will further reduce its size greatly, making the generation of the well-established, very large peripheral T-cell repertoire very difficult. However, predisposing the preselection TCR repertoire toward MHC recognition via embedded conserved amino acids in MHC and TCR proteins to promote their interaction should separate the "wheat" from the "chaff" during selection much more efficiently. Evidence presented here and in previous papers suggests that this idea is, to some extent, correct and that the preselected TCR repertoire is already skewed toward MHC reactivity (9, 15-17, 21, 23) .
Materials and Methods
Mutant MHC I-A b α-and β-Chains. Plasmids encoding MHCII I-A b α-and β-chains were previously used (29) . MHC mutations were cloned by overlapping primers using engineered restriction sites. Preparation and Stimulation of Bulk T-Cell Hybridomas. Antigen-specific T-cell hybridomas were generated by immunizing mice with the desired antigen emulsified in complete Freund's adjuvant. The para-aortic lymph node cells were isolated 7 d later, expanded in culture for 3 d with the same antigen with which the mice had been immunized, and cultured in IL-2 for 5 d. After this in vitro culture, activated T cells were fused to BWα − β − , a variant of the fusion partner BW5147 generated to lack both TCR α-and β-chains (50).
For stimulations, 5 × 10 4 to 1 × 10 5 hybridomas were cultured with different stimuli for 4-24 h in 200 μL culture medium in 96-well microtiter plates. Hybridoma responses were measured by CD69 expression and IL-2 production. IL-2 ELISAs were done using the anti-IL-2 antibody JES6-1A12 (eBioscience) to capture and the biotinylated antibody clone JES6-5A4 (eBioscience) with streptavidin conjugated to HRP (Jackson ImmunoResearch) to detect the bound antibody.
MS. WT and mutant I-Ab proteins were immunoprecipitated from lysates of roughly 109 of the transduced M12.C3 cells using antibody clone Y3P. Peptides were eluted in 2.5-M acetic acid and were separated from beads, antibodies, and MHCII molecules by passage through a 10,000-Da cutoff ultrafiltration unit (Millipore) and were subjected to MS or MS-MS analysis as previously reported (32) . Peptides were analyzed via LC/MS-MS or LC/MS on an Agilent Q-TOF instrument (model 6520) as described in detail in SI Materials and Methods.
Flow Cytometry. Cells, either ex vivo or hybridomas, were preincubated with supernatant from the anti-CD16/CD32 producing hybridoma, 2.4G2. Cells were stained under saturating conditions with antibodies to mouse TCRβ (clone H57-597), CD4 (clone GK1. 
